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Abstract 
Commissioning is defined as a process that transfers machines and plants into the operational state. In order to parameterize the included 
control loops, information about the properties of the controlled systems are required. Here is an approach, carried out for a variety of axes e.g. 
in a machine tool demands a lot of time and therefore becomes a large cost factor. Since a modal analysis of the machine is typically performed 
during the commissioning of the machine, the resulting modal parameters can be identified and also be applied for the design of axis 
controllers.
We present a method for this course of action. Therewith, a default parameter setting for all drive control loops of the machine can be found, 
even considering interactions between different machine components. The approach leads to a shortened commissioning of complex 
electromechanical axes in combination with a better controller performance without additional experiments or expert knowledge. 
© 2016 The Authors. Published by Elsevier B.V. 
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Nomenclature 
BSS     Ball Screw System  
EMA   Experimental Modal Analysis 
FRF     Frequency Response 
PRBS  Pseudo Random Binary Sequence 
FFT     Fast Fourier Transfer 
1. Introduction 
The energy optimization of the motion control is necessary 
for machine tools as well as for production system. This 
optimization based on the assessment of quality of motion 
systems and controlled sequences of motion [1]. Furthermore, 
an appropriate start-up and in addition, a continuous 
monitoring is needed for demand oriented, resource-efficient 
and durable optimal functioning of all drive control loops of a 
production machine. 
With the ever increasing demands on dynamics and 
accuracy, with decreasing energy consumption, the properties 
of the whole machine must be increasingly taken into account 
in the commissioning process of the individual control loops. 
What could be better than to make the methods of machine 
tool structure for the analysis of the dynamic behavior of 
machines for the controller design available? Vibration and 
modal analyzes [Fig. 11 (1)] are often present after the 
construction (simulation) or after the completion of a machine 
for matching requirements between customer and 
manufacturer. 
In addition to the detection of structural flaws conclusions 
as to the critical frequencies of the machine structure and of 
the drive line can be drawn. The content of this article aims to 
make the detailed information for the design of the drive 
control loops available. This results in a better performance of 
the drives (higher dynamics, low tendency to oscillate, better 
disturbance) in addition shorter start-up time. This 
information can be gathered with help of theoretical and/ or 
EMA (identification). The aim of the presented work is the 
development of an usable approach of the EMA results for the 
design as suitable tuning rules of axis controller. 
This paper provides a solution for finding optimal 
controller setting of the mechatronic axis on machine tools. 
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Here we consider two experimental models with two 
excitation types (self-excited and externally excited). By 
analyzing the EMA on the BSS with the help of an impact 
hammer (externally excited) were obtained the vibrating 
properties and the structural flaws of the BSS thought 
oscillating forms of the BSS for each frequency domain. 
These individual frequencies provide information about the 
causes of vibration as well as the defective structure. 
Therefore, we have carried out a further EMA with the help of 
excitation by the motor. Excitation is realized by the motor 
through test and measurement functions of the software 
Simotion Scout. Thereby, this result [Fig. 11 (2)] will 
compared with the results of a conventional FRF analysis 
[Fig. 11 (3)] of the position control loop and the EMA with 
impact hammer. In addition, the fundamental researches of 
the BSS concepts are succeed in the frequency domain. With 
PRBS, the spectrum is excited to cut-off frequency. The test 
rig is based on a position control in cascade structure. This is 
a standard motion control. 
Neugebauer et al. proposed an active vibration control by 
using actuator-sensor-units for vibration reduction [2]. They 
then presented a feed drive test stand on an electrical servo 
drive with oscillatory mechanics [3]. The influence of a single 
(controller) parameter has been shown. This result is then used 
for optimization of the speed control. [4] This author also 
applied the Finite Element-model in modal analysis for a 
conventional BSS to calculate eigenfrequencies and oscillating 
eigenforms, and then applies the results into controller 
simulation for the BSS. Besides, [5] another author also 
conducted an experiment to optimal electrical feed drive of the 
numerical control system. Research [6] discusses the 
minimization of the total dissipated energy in a position 
control system. However, these researches do not clarify the 
mutual relationship between mechanical and controller 
parameter, which affects the accuracy of moving transition of 
the BSS of the field work. 
Our studying in this paper is focused on the dynamic 
response of the different frequency domain. By the connection 
of the EMA and the simulation of the numerical analysis, it is 
possible to analyze the dynamic behavior of the BSS. On the 
basis of these results a secure and also rapid commissioning of 
the control loops with regard to operating in their optimal 
function is targeted. 
2. Experimental Modal Analysis 
2.1. The modal analysis method 
In general, modal analysis is used for understanding the 
dynamic characteristics of a mechanical structure, operating 
conditions. 
Modal analysis helps to design structures with optimal 
dynamic behavior. An overview about application of modal 
analysis is depicted in Fig. 1 [7, 8]. During the EMA, the 
structure is excited (location depends on the choice of 
excitation) and measured the reaction at various points. The 
measured FRF functions from this modal test can be used to 
describe the structure’s dynamic properties. There are 
frequency, damping and oscillation forms. These results can 
be used for the model valuation. 
Fig. 1. application of modal analysis for model valuation 
2.2. The experimental  model 
Fig. 2b shows the block diagram of the EMA on the BSS. 
The measurement points on the BSS should be chosen so that 
the measured waveforms provide enough information about 
the dynamics of the BSS. The excitation source (with impact 
hammer or motor) and the direction of the transfer function 
are calculated along the spindle. The measurement signals are 
recorded by PULSE dynamic analyser (PULSE Labshop). 
The software MS scope VES was used for analysing the 
modal parameters. 
Fig. 2. (a) test station; (b) the block diagram of the EMA on BSS 
2.3. EMA with the help of the excitation by impact hammer 
and by motor  
The results of EMA are evaluated by the FRF in the 
frequency domain and the modal parameters. The FRFs were 
obtained by excitation on the test rig with an impulse hammer 
or motor.  
With the excitation by impact hammer, the BSS were 
measured in the standstill. The test stand is prepared for 
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experiment modal testing with 27 measuring points on the 
BSS, see Fig. 3a. These points are very important for the 
identification of oscillation forms on the BSS. An 
accelerometer is installed on the BSS, as illustrated in Fig. 3b. 
During the excitation by the motor, the structural response 
is recorded by means of acceleration sensors only on the slide. 
Because, the sensors cannot be attach on the ball screw. 
Fig. 3. (a) measuring points; (b, c) excitation by impact hammer or motor [9] 
The slide is idealized as a plate and described by six points, as 
shown in Fig. 3c. In this measurement option, the settings of 
the FFT analyzer consist of the fundamental step. The motor 
is used as a Shaker. The frequency span is 800Hz, the center 
frequency is 407Hz, and the measurement time is set to 2s. 
The overlap is 50%. The total measurement time for a single 
measurement is 31s. One measurement can be measured 
simultaneously with only three acceleration sensors.  
2.4. EMA with analysis of frequency response by SIMOTION 
Scout 
In this section, the FRF analysis method is used to determine 
the dynamic characteristic of the BSS in the frequency 
domain and identify the affection of the input signal on the 
BSS. Thus, a standardized commissioning will be applied for 
the control loops of the BSS. This standardized 
commissioning used the trace function and measuring 
function for optimizing the drive controller. By 
parameterizing the measuring function, the impact of 
superimposed control loops can be suppressed selectively and 
the dynamic response of the BSS analyzed [10]. 
Fig. 4a shows the construction of a position controller for 
the BSS in cascade structure. The position control loop 
cascade consists of the current, speed and position controller. 
The excitation can be set after the current setpoint filter (with 
PRBS excitation). This work aims a dynamic behavior of the 
BSS with help of the FRF analysis to reach. Thereby, it can be 
found a relationship between the influencing factors and the 
controller parameters 
The excitation by the motor is carried out and measured by 
means of the control of the test stand via SIMOTION Scout. 
The exemplary parameterization is shown in Fig. 4b. As the 
amplitude of the motor torque 8 Nm is selected and the offset 
with 4 min-1. Thus, the frictional effects are minimized. 
Fig. 4. (a) cascade control loops for BSS; (b) parameter setting of the PRBS 
2.5. Physical model of the multi-body system and simulation 
The dynamic behavior of the mechanical structure is often 
based on the use of a set of linear differential equations of 
second order. This equation can be written in the following 
form:  
)()(][)(][)(][ tftxKtxCtxM                                (1)
Where [M], [C], [K] are the mass, damping and stiffness 
matrix and f (t) is the external force vector. 
The general physical model of the BSS is shown in Fig. 5. 
This physical model of the BSS would be issued as a 4-mass 
model, see Fig.5. Where m1 is the motor inertia, m2  are the 
equivalent masses from motor and coupling half inertia, m3
are the equivalent masses of the second coupling half inertia 
and the threaded spindle, m4 = mSlide + mNut..  
Fig. 5. physical model of the ball screw system 
Modeling the mechanical structure [2] of the BSS with the 
model in the state space representation is very efficient. Based 
on this model, the BSS dynamics are studied for different 
excitation signals to determine the interaction among the 
components in that system, see Fig. 6. 
By a numerical analysis of the eigenvalue problem, the 
modal parameters could be extracted from this model and can 
then be compared with the experimentally measurement 
values. 
The numerical modal analysis of the BSS is run by Matlab. 
The simulation is carried out as the EMA with two excitation 
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signals. The excitation source used a chirp-signal order PRBS 
signal. 
Fig. 6. the state space model of the BSS 
3. Experimental Results and Evaluations 
3.1. Results of EMA 
Fig. 7. (a) excitation by impact hammer; (b) excitation by motor [9] 
The result of the EMA with help of the impact hammer 
shows the mode shapes of the BSS at the different 
eigenfrequencies, see Fig. 7a. Table 1 presents an overview of 
the different frequencies with descriptions of the oscillation 
forms. These results show that the eigenfrequencies and the 
mode shapes depend on the spindle stiffness, the position of 
the carriage, as well as the load on the carriage. This 
information of the dynamic behavior is important information 
for the manufacturer and necessary for good reproducibility.  
The EMA with impact hammer also has drawbacks. A very 
large impact on the results of the measurements has the 
number of measuring points and the locations of the 
measurements. Thereby, a compromise between measurement 
effort and required quality of the measurement results must be 
always found. 
Table 1. Analysis of the mode shapes of the BBS 
No. Frequency(Hz) Descriptions of the mode shapes 
1 19 Vibration of the guide rail around the Y axis, 
axially superimposed oscillation of the slide 
around the X-axis 
2 34,5 Vibration of the guide rail about the X and Z-
axis and 180°-phase shifted vibration of the 
slide around the X and Z-axis 
3 51,7 Guide rail and slide swing hard; spindle 
rotates around X-axis and has larger 
amplitude of vibration between the nut and 
floating bearing as between nut and bearing. 
4 92,5 Guide rail and slide swing hard. Spindle 
rotates around X-axis and has larger 
amplitude of vibration between the nut and 
bearing as between nut and floating bearings 
5 119 Weak torsion vibration of the guide rail and 
slide; severe torsion oscillation of the spindle 
around X axis 
6 142 Guide rail and slide swing hard, strong 
torsion vibration of the spindle around X-axis 
7 168 Strong torsion vibration of the whole system 
around X-axis 
8 >170 complex torsion vibration 
In order to ensure comparability the dynamic excitation by 
another method of excitation is supplemented directly by the 
powertrain.  
It turned out that the identified natural frequencies 
correspond to a good approximation in the frequency band. 
The excitation method by motor is possible concept for the 
measurement of the BSS vibration. Thus, the natural 
frequencies and the mode shapes of the slide can be estimated. 
It shows the relationship between the mechanical 
characteristic values and the control parameters. Another 
focus of this method is to determine parameters of the drive 
and control technology by EMA. The result of the EMA with 
help of excitation by the motor has shown in Fig. 7b.  
At the eigenfrequencies of 18.5Hz, a strong axially 
superimposed oscillation in X direction of the slider is clearly. 
This vibration is transmitted to the drive, which will be nodes 
on the engine is visible through a substantial translational 
movement of the measuring point. The measurement results 
of the EMA by means of the impact hammer are identical to 
those of the movement of the carriage with the axially 
superimposed motion for the whole test match. The 
eigenfrequencies f =59.3Hz is characterized by the turn of the 
slide around the Z-axis. 
Taking into account the oscillation states of the slider at 
this natural frequency arises from the rotation of the slider no 
noticeable movement of the measuring point on the engine. 
Also the eigenfrequencies 136Hz and 402Hz, there are the 
significant movement of the measuring point on the motor. 
The oscillations at these frequencies are characterized by the 
torsional movement of the motor shaft. It should be noted, 
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that with help of the angle encoder only angle changes can be 
detected.
Comparing the results of the EMA using the impact 
hammer excitation (red path) and the excitation by motor 
(green path), so there are clear matches. The eigenfrequencies 
fit very well with each other, the percentage deviation is on 
the average about 3.3%. Fig. 8 shows the oscillation forms at 
the frequency 119Hz. In both measurement models, the 
clearly torsion vibrations of the carriage are about the X-axis 
identifiable. Merely the associated mode shapes do not 
coincide with those of the conventional impact hammer 
excitation, since the excitation via the drive train, the structure 
is only stimulated in a coordinate direction. 
Fig. 8. the oscillation forms of the BSS with impact hammer excitation and 
motor excitation at about 119Hz [9] 
3.2. Results of  frequency analysis  by Simotion Scout 
A typical means of commissioning is the FRF analysis. For 
comparison and verification of the results of modal analysis 
frequency responses are taken under different conditions. 
After the investigation the recording of the actual torque and 
the actual speed can be found a relationship between the 
influencing factors and the controller parameters. The test 
stand with data sheet values is shown in table 2.  
Table 2. Data sheet of speed controller  
No. Parameter Value 
1 Kp [Nm/srad]  2 1 0.5 0.2 
2 Tn [ms]  20 40 100 200 
Fig. 9. frequency analysis of the BSS by Simotion Scout 
Fig. 9a reveals the FRF of the BSS with the value change 
of KP and TN (in this situation, the weight on the slide is 300 
kg), the red path (KP=0.2, TN=200), the cyan path (KP=0.5, 
TN=100), the blue path (KP=1, TN=40), the green path (KP=2, 
TN=20). This result shows the FRFs at 22 Hz, 45 Hz, 160 Hz 
and 400 Hz. In frequencies range 1Hz to 5Hz, it showed the 
characteristic pitch error of the ball screw and from the so-
called pitch loss. This error is directly effect to the 
displacement accuracy of the BSS. Thus with KP=0.2 and 
TN=200 the FRF (red path) is better than various.  
In order to prove the relationship between controller 
parameter and cause of resonance frequency, we carried out 
another experiment with value of KP=0.2 and TN=200. In this 
experiment, the load on the carriage would change. Fig. 9b 
shows a measured FRF of the BSS with various loads on the 
slide 350kg (red path), 200 kg (blue path) and 50 kg (black 
path).  
It was clearly noticeable that there are two 
eigenfrequencies of 22Hz and 45Hz. These resonant 
frequencies are changed by load changes in their properties. 
Besides, it is axial oscillation at the frequency 160Hz to see. 
The altered resonance frequencies on the BSS are a 
consequence of the load variations on the carriage. 
Based on these results, it should be noticed that a default 
parameter setting for all drive control loops must be suitable 
to mechanical characteristics of the drive system. 
3.3. Results of Simulation 
Fig. 10. frequency response of BSS by Matlab simulation 
The aim of numerical modal analysis is to investigate the 
dynamical characteristics of the BSS. Therewith, the FRFs on 
the BSS can be found. In this simulation, the loads on the 
carriage are changed from 50kg to 300 kg. Fig. 10 shows the 
FRFs of the BSS. During the investigations, only minor 
effects on low frequencies revealed. With 300kg on the slide, 
these resonance frequencies are 22 Hz, 57 Hz and 142 Hz. 
The results of the simulation show a good accordance of the 
resonance frequencies to the measured results from the test 
rig.
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3.4. Comparisons and valuations 
Fig.11 shows an overview of the results. Thereby we can 
determine the dynamic characteristic of existing structures by 
measuring and analyzing the vibrating parameters of the ball 
screw system.   
The first comparison of the results of EMA (excitation by 
impact hammer and motor) had shown that in the frequency 
range between 0Hz – 450 Hz. The intention of this 
comparison is to provide an overview about the oscillation 
forms and the eigenfrequency response of the BSS under two 
different exciting. The EMA by impact hammer excitation is 
often supplied as verification of the quality of the machine by 
the manufacturer.  
Fig. 11. comparison and evaluation of the results  
The second comparison verified that the dynamical 
behavior of the drive system could be identified by the 
different excitation. By multibody simulation of the BSS (a 
powertrain in machine tools) we can determine the 
characteristic mechanical structure characteristics in the 
frequency domain. Another focus of this comparison is the 
determinations of the default parameter setting for all drive 
control loops of the BSS. 
4. Commissioning of a drive train on machine tools  
Fig. 12. commissioning of the drive train on machine tools 
Fig. 12 shows the principle procedure of a shortened 
commissioning for a drive train. The validity of present model 
parameters [Fig. 11 (1)] has to be verified by comparing and 
analyzing the methods of identification [Fig. 11 (1) – (3)]. In 
addition, a relationship between the influencing factors and 
the controller parameters can be found. Ultimately, a solution 
for adjusting the individual control loops should be found. 
5. Conclusions 
In this paper, the EMA by different methods of the BSS is 
examined. Therewith, the dynamical behavior was 
investigated at the test rig and an appropriate simulation 
model. From the experimental results, the eigenfrequencies 
and the mode shapes of the BSS were clearly shown. The 
result of the EMA for BSS with excitation by motor shows the 
relationship between the vibrating properties of the carriage 
and the parameterization of control loops.  
The EMA with the help of motor excitation is a good 
method for the evaluation of drive structures. This method 
forms a relationship between the structural dynamical analysis 
and the controlled drive system.  
In addition to the experimental study of the test rig stood 
the modeling the structure in the state space and the 
transferring into the modal space in the foreground. Besides, 
the numerical modal analysis results could be proven 
relationships between the state space model and the modal 
parameters.  
Based on the control theory, simulation and EMA the 
relationship between dynamics parameter and control 
parameters has been established. Therewith, the optimal 
function of the drive control loops can be adjusted rapid and 
secure. 
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